Bacillus sphaericus produces mosquito-larvicidal binary toxin composed of BinA and BinB. While BinB is expected to bind to a specific receptor on the cell membrane, BinA interacts to BinB or BinB receptor complex and translocates into the cytosol to exert its activity via unknown mechanism. To investigate functional roles of aromatic cluster in BinA, amino acids at positions Y213, Y214, Y215, W222 and W226 were substituted by leucine. All mutant proteins were highly produced and their secondary structures were not affected by these substitutions. All mutants are able to insert into lipid monolayers as observed by Langmuir-Blodgett trough and could permeabilize the liposomes in a similar manner as the wild type. However, mosquito-larvicidal activity was abolished for W222L and W226L mutants suggesting that tryptophan residues at both positions play an important role in the toxicity of BinA, possibly involved in the cytopathological process after toxin entry into the cells. [BMB reports 2011; 44(10): 674-679]
INTRODUCTION
Bacillus sphaericus produces a binary toxin, in the form of crystalline inclusion, during the sporulation phase. The binary toxin is composed of two crystal proteins, BinA (42 kDa) and BinB (51 kDa), and both of them are required at equimolar amounts to exhibit the maximal larvicidal activity (1, 2) . The susceptible mosquito species of the binary toxin are limited to Culex and Anopheles, but not Aedes species (3) . Upon ingestion by susceptible mosquito larvae, these crystal proteins are solubilized and subsequently activated by proteases in the larval midgut to generate the active-core fragments of 39-kDa BinA and 43-kDa BinB (2) . The activated toxins then target on the midgut epithelial cells by receptor mediated mechanism.
The activated BinB has been identified as a specificity determinant that binds to a specific receptor, known as α-glucosidase which is attached to the midgut membrane via glycosylphosphatidylinositol (GPI) anchor (4, 5) . Upon receptor binding of BinB, BinA binds to BinB or BinB-receptor complex, and followed by the translocation of the binary toxin into the cells. To date, the mechanism underlying the cellular intoxication of the binary toxin remains unclear. Several cytopathological alterations were observed in the Culex quinquefasciatus larvae intoxicated by the binary toxin which included the formation of large cytoplasma vacuoles, disruption of the rough endoplasmic reticulums, epithelial swelling, microvilli destruction, and eventual cell lysis and epithelial destruction in gastric caeca and posterior stomach (6) . Recently, the cellular response by vacuolation of the binary toxin-treated mammalian epithelial cell line (MDCK) expressing the binary toxin Cpm1 (Culex pipiens maltase 1) receptor was reported to associate with the induction of autophagy process (7) . Although direct evidence to support the pore-forming activity of the binary toxin on epithelial midgut cells is unavailable, membrane permeabilization using a receptor-free planar lipid bilayer and large unilamellar phospholipid vesicles has been shown as the in vitro effects of the binary toxin components (8) . Also, the ability of the binary toxin to insert into the model neutral lipid monolayers has been demonstrated (9) . In addition, dramatic conformational changes accompanying the lipid membrane association of the BinA, BinB, or their complex were observed (9) . Since the interaction of the binary toxin with target lipid membrane is one of the key steps in eliciting cytopathological effects on mosquito larvae, molecular insights into the interaction of the binary toxin with lipid membranes is required to gain a better understanding of the mechanism of toxicity. Due to the lack of three dimensional structure of the binary toxin, functional characterization has been based mainly on its amino acid sequence analysis and secondary structure prediction (10) (11) (12) (13) (14) (15) . Aromatic residues, especially tyrosine and tryptophan, conceivably play a key role in membrane anchoring of many membrane proteins and are mainly found at the membrane-water interface (16) . Based on the amino acid sequence of BinA, a toxic component of the binary toxin, a cluster of ar-http://bmbreports.org BMB reports Table 1 . Mosquito-larvicidal activity of the wild-type and mutant toxins against Culex quinquefasciatus larvae. The mortality was recorded after feeding the mixture of GST-BinB and GST-BinA or its mutant inclusions at a 1:1 molar ratio for 48 h. The LC50 (median lethal concentration) was calculated from three independent experiments by using Probit analysis. Numbers in parenthesis indicate the fiducial limits at 95% confidence. Mortality was not detected for W222L and W226L mutants when used the toxin up to 32 μg ml -1 omatic amino acids is found in the positions encompassing amino acids 213 to 226 (Supplement 1). In this study, aromatic residues, particularly tyrosine and tryptophan, in this region were selected for site-directed mutagenesis in search of crucial residues for the membrane interaction and biological activity. Within this region, tryptophan residues at positions 222 and 226 are found to have functional significance towards C. quinquefasciatus larvae.
RESULTS AND DISCUSSION
Aromatic amino acid replacements did not affect protein expression and folding of BinA
The mechanism by which the binary toxin kills the mosquito larvae remains unclear, however, it has been shown that the binary toxin is internalized in both mosquito midgut cells and MDCK cells expressing the Cpm1 receptor, possibly via endocytosis (7, 17) . Hence, interaction of the binary toxin with the lipid membrane is a key step during the intoxication process. Previous study has shown that the aromaticity of F149 and Y150 of BinB is a prerequisite for larvicidal activity, possibly by playing a crucial role in membrane interaction and receptor binding (18) . According to amino acid sequence of BinA protein, the aromatic residues especially tryptophan and tyrosine are clustered at the positions 213 to 226. We expected that this region could be essential for membrane interaction. To investigate the functional importance of aromatic amino acids of BinA, site-directed mutagenesis was performed by replacements of aromatic amino acids (Y213, Y214, Y215, W222, and W226) in this region by leucine residues. The replacements of aromatic residues, however, could affect the structure or function of binary toxin. Here, both structural and functional analyses were performed.
After obtaining the mutant plasmids, automated DNA sequencing analysis revealed that all selected aromatic residues were replaced by leucines (data not shown). Upon IPTG induction, all mutant proteins were expressed as inclusions with expression levels comparable to that of the wild type ( Fig. 1) , suggesting that the mutations of these aromatic residues did not affect protein production and inclusion formation of the BinA. Given that the BinA proteins, both wild type and mutants, were fused with the GST tag, the mobility of GST-BinA fusion proteins as assessed by SDS-PAGE was slightly faster than expected from their predicted molecular weight ( Fig. 1 ). This deviation could be due to the tightly-packed protein inclusions that were not completely disrupted by SDS, resulting in the faster mobility than expected in a SDS-gel. Protein solubilization of inclusions was subsequently determined by dissolving inclusions in 25 mM NaOH, followed by dialysis against 50 mM Na2CO3 buffer, pH 10. All mutant proteins were solubilized in such an alkaline condition, yielding the stable fragments with similar amounts as that of the wild type (data not shown).
Any change of protein conformation as a result of point mutations was monitored by using the Circular Dichroism (CD) spectroscopy. CD spectra in a far UV region (190-260 nm) of all mutants were apparently similar to that of the wild-type protein (Supplement 3), suggesting that the mutations at these selected positions did not affect the structural folding of the BinA protein.
W222 and W226 of BinA play a crucial role in larvicidal activity
The effect of the mutations of selected aromatic residues of BinA on the toxicity was further examined by biological activity assay. The inclusions of GST-BinA wild type or its mutants were mixed with GST-BinB at a 1:1 molar ratio and fed to the second-instar C. quinquefasciatus larvae. After incubating at room temperature for 48 h, the mortality was recorded and presented as LC50. Results showed that the single mutations of http://bmbreports.org three consecutive tyrosines (Y213L, Y214L and Y215L) conferred the comparable toxicity to that of the wild type, whereas the mutations of two tryptophans, W222L and W226L, rendered toxin inactive. Even though the concentration of inclusions was increased up to 32 μg ml -1 , no significant mortality was observed in those tryptophan mutations (Table 1) , suggesting that tryptophan residues at positions 222 and 226 play a crucial role in larvicidal activity. Previous studies demonstrated the importance of tryptophan residues in the structural folding and biological activity of B. thuringiensis Cyt2Aa2, Cry1Ac and Cry1Ab toxins (19) . The considerably reduced toxicity of W222L and W226L mutants, however, was not associated with the structural alterations as described earlier. Both W222 and W226 of BinA, therefore, seem to have functional significance in the toxication process of the binary toxin.
Effects of W222 and W226 mutations on membrane insertion and permeability
In order to study the membrane insertion ability of BinA and its mutants, the DMPC lipid monolayers were generated and the Langmuir-Blodgett (LB) trough technique was used. These DMPC lipid monolayers were previously used as model lipid monolayers for the study of interaction of BinA and BinB with receptor-free lipid membranes (9) . As the liquid condensed phase, which is a fluid stage of DMPC monolayer being relevant to biological membranes, was observed when the surface pressure reached about 15-25 mN m-1 , the surface pressure was subsequently kept constant at 18 mN m -1 throughout this experiment. It was observed that the lipid packing at surface pressures 20 and 25 mN m -1 was more condensed although high protein concentration (50 nmol) was injected. No increase of area per molecule at both surface pressures was observed, therefore, lower pressure was required to provide more fluidity of lipid packing that allowed the protein insertion. Nevertheless, the stability of lipid monolayers, creep test, was performed to monitor the percent area reduction at constant surface pressure (20) . After compressing until reaching to constant pressure and then left for 15 min at room temperature, the decrease of area per molecule of lipid was around 5% indicating that the property of the lipid monolayers still maintained after prolonged incubation time. Upon injection of the protein sample in the subphase of the trough, the degree of membrane insertion was monitored by the mean molecular area expansion. The results showed an increase in area expansion as a function of time in all protein samples, indicating the ability of these proteins to insert into DMPC monolayer. Therefore, the insertion of protein molecule into lipid monolayers was calculated and shown in term of area per molecule protein versus time (Fig. 2) . No insertion was observed in the GST alone, indicating that the membrane insertion was only mediated by BinA molecules. This result shows as a single experiment. However, three independent experiments were performed and showed the correlated of those results. It should be noted that BinA, as opposed to BinB protein, was unable to insert into the lipid monolayers from the previous study (9) . The discrepancies of these two observations could be explained by the different forms of proteins used for the assays. In this study, the GST-BinA fusion proteins were used, while the protoxins were used in the former study. Thus the differences of protein structure or folding possibly affect the membrane insertion ability. In this study, however, the extents of membrane insertion were somewhat different among BinA mutant proteins. Three active mutant proteins; GST-Y213L, GST-Y214L and GST-Y215L, were able to insert into the DMPC monolayer to the same extent as that of the wild-type BinA which also correlated well with their larvicidal activity. For the tryptophan mutations; GST-W222L and GST-W226L, however, less extent of membrane insertion was observed compared with that of the wild type (Fig. 2) . Although the larvicidal activity of the GST-W222L and GST-W226L mutants was abolished, membrane insertion was only slightly compromised, suggesting that these two tryptophans may not directly involve in the membrane insertion. Calcein release assay was used to investigate the effect of BinA mutations on large unilamella vesicles (LUVs) permea-http://bmbreports.org BMB reports bility. The fluorescence intensity was observed after adding the wild-type GST-BinA and its mutants, indicating that all these proteins could perturb the lipid vesicles, resulting in the leakage of encapsulated calceins to the solution. In contrast, no leakage of calceins was observed in GST alone, suggesting that calcein release was solely induced by BinA protein. By comparing the degree of membrane permeability among BinA mutants, interestingly, both W222L and W226L showed less membrane permeability than that of tyrosine mutations (Fig.  3 ). This result is in agreement with the membrane insertion assay, providing a clue that these tryptophans may partially participate in the membrane perturbation. Since the localization of W222 and W226 in BinA molecule cannot be easily predicted with the absence of structural information of the binary toxin, it is hard to make a conclusive assumption of how these tryptophans participate in the membrane insertion and permeability. Moreover, conformational changes of the BinA/BinB complex accompanying the receptor binding to transform the water-soluble form into the membrane-translocation structure may take place inside the larval midgut. Therefore, upon the receptor-mediated conformational changes, the membrane insertion and permeability of W222L and W226L mutants may be severely affected, leading to the loss of larvicidal activity. Taken together, the in vivo effects of the W222 and W226 mutations seem to be complicated. Both tryptophan residues are unlikely to participate in BinA-BinB interaction since W222L and W226L mutants could interact normally to BinB (Supplement 4). The involvement of W222 and W226 residues in subsequent steps after membrane insertion thus cannot be ruled out. It is possible that the lipid composition may be a key determinant in the membrane insertion and permeability of BinA toxin; hence, using the larval midgut membrane incorporated into the model lipid membranes would be more biologically relevant. This remains to be determined, and structural analysis of the binary toxin is essential to gain insights into its functional mechanism.
MATERIALS AND METHODS

Bacterial strains and oligonucleotides
Both binA and binB genes used in this study were derived from B. sphaericus strain 2297 (Genbank accession no. AJ224478). Escherichia coli strain JM109 was used as a host strain to express the GST-BinA and GST-BinB proteins from pGEX-BinA and pGEX-BinB, respectively (21) . The recombinant plasmid pGEX-BinA encoding the GST-BinA fusion protein was used as a template for mutagenesis. All mutant plasmids were generated using QuikChange TM site-directed mutagenesis method (Stratagene). The aromatic amino acids Y213, Y214, Y215, W222, and W226 were substituted with leucine using the mutagenic oligonucleotides as shown in supplement 2. The mutant plasmids were selected by using restriction endonuclease digestion and verified by automated DNA sequencing (Macrogen Inc., Korea).
Protein expression and purification
The E. coli JM109 harbouring GST-BinB or GST-BinA wild type and its mutants were grown in LB broth containing 100 μg ml -1 ampicillin at 37 o C until OD600 of the culture reached 0.5. Then 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was added to induce protein expression. Toxin inclusions were released from host cells by French Pressure Cell and then partially purified as described previously (13) . Protein inclusions were solubilized in 25 mM NaOH for 15 min and then dialyzed against 50 mM Na2CO3 buffer, pH 10 at 4 o C for overnight. The soluble protein was subsequently purified by size-exclusion chromatography using a Superdex 200, 10/300 column (GE Healthcare Life Sciences). Protein concentration was determined by Bradford's method using bovine serum albumin (BSA) as a standard.
GST (Glutathione S-transferase) purification
E. coli cultured cells containing plasmid pGEX-4T-2 were grown in LB broth containing 100 μg ml -1 ampicillin at 37 o C until OD600 reached to 0.5 and then induced by 0.1 mM IPTG for 5 h. GST protein was purified by using a GSTrap TM FF column and then HiTrap TM desalting column following the manufacturer's instructions (GE Healthcare Life Sciences).
Mosquito larvicidal assays
The second-instar C. quinquefasciatus larvae were obtained from the mosquito rearing facility, Institute of Molecular Biosciences, Mahidol University. The inclusions of GST-BinB and GST-BinA wild type or its mutants were mixed at a 1:1 molar ratio in 1 ml of water to the final concentration of 32 μg ml -1 , and further diluted as a 2-fold serial dilution. Then serial-diluted toxin mixtures were added to 1 ml of water containing 10 larvae in each well of a 24-well tissue culture plate (1.5 cm well diameter). Only GST-BinB inclusions were used as a negative control. After incubation at room temperature for 48 h, the mortality of larvae was recorded. Each experiment was done in duplicate, and at least three independent experiments were performed. The LC50 was analysed by Probit analysis (22) .
Circular Dichroism (CD) analysis
The purified protein at 0.5 mg ml -1 in 50 mM Na2CO3 buffer, pH 10 was loaded in a rectangular quartz cuvette with 0.2 mm optical path-length. The CD spectra of proteins were observed in far-UV wavelengths of 190-260 nm by using Jasco J-715 CD spectropolarimeter at 25 o C. The experiment was performed by scanning three averaged spectra using a speed at 50 nm min -1 with 2 nm of spectral bandwidth, 1 nm of the resolution and 2 s of response time. All spectra were subtracted from the baseline.
Membrane perturbation assay by calcein release method
Large unilamellar vesicles (LUVs) were prepared from 2 mg ml -1 of a lipid mixture of phosphatidylcholine (PC)/phosphatidic acid (PA) in ratio 1:1 (w/w) dissolved in chloroform as de-scribed previously (8) . The lipid mixture was evaporated under a nitrogen stream and the lipid film was resuspended in 200 μl of 60 mM calcein (pre-dissolved in 500 mM Na2CO3 buffer, pH 10) in 50 mM Na2CO3 buffer, pH 10. The mixture was subjected to 5 repeated cycles of freezing and thawing. Then the suspension was passed through a polycarbonate membrane (0.1-μm pore size, Avanti Polar Lipid) for at least 20 passes using a two-syringe extruder (Avanti Polar Lipid). The untrapped calceins were removed by using a HiTrap TM desalting column (GE Healthcare Life Sciences). Liposome concentrations were estimated by measuring the lipid phosphorus content (23) . The calcein-encapsulated lipid vesicle solution was placed into a 0.5-cm light-path quartz SUPRASIL cell at a final concentration of 1.25 μM. Protein at concentration of 0.016-0.25 μM was added at time 250 s and then incubated for 10 min. The fluorescence signals were detected by using the Jasco FP-6300 spectrofluorometer at the emission and excitation wavelengths of 520 and 485 nm, respectively, with a slit width of 5 nm. Finally, 0.1% (v/v) Triton X-100 was added at time 900 s to totally release entrapped calceins. The degree of LUVs perturbation was determined as the percentage of calcein release as described previously (8) .
Membrane insertion assay by Langmuir-Blodgett method
The interaction of BinA and its mutants with 2-Dimyristoylrac-glycero-3-phosphocholine (DMPC) monolayer was monitored by using a KSV 2,000 Langmuir-Blodgett trough (KSV, Finland). The 0.175 mg ml -1 of DMPC in chloroform and 50 mM Na2CO3 buffer, pH 10 were used as a surfactant and a subphase, respectively. To characterize the DMPC monolayer, the 60 μl of 0.175 mg ml -1 of lipid were spread on the subphase. The lipid monolayer was left standing for 5 min to ensure the complete evaporation of the solvent. The lipid was symmetrically compressed by barriers at a constant speed of 10 mm min -1 until the surface pressure reached 18 mN m -1 and the monolayer was kept constant at this surface pressure by using the constant surface pressure mode. The film was normally allowed to stand for 5 min prior to the injection of the protein to reach the stability. After that, the sample containing the protein (5 nmol) was injected at 1,000 s by L-shaped syringe right underneath the monolayer forming area, between barriers. Special care must be taken to avoid the formation of bubble during the injection process. All experiments were performed at room temperature.
directed mutagenesis (underline). This region was expected to play an essential role for the toxicity of the binary toxin. 
Supplement 4. Interaction between BinA and BinB
The in vitro interaction between truncated BinB and GST-BinA or its mutants was determined by Far-Western dot blot analysis. The truncated BinB protein were spotted on the nitrocellulose membrane and then overlaid with excess GST-BinA or its mutants (3 nmol).
The interaction was detected by probing with rabbit anti-GST antibody (1:2,500) and followed by goat anti-rabbit IgG conjugated HRP (1:5,000). The signals were developed by using a chemiluminescent ECL plus kit. Only truncated BinB was spotted on the membrane without being overlaid with GST-BinA as a negative control. The signals showed no significant difference between the interaction of truncated BinB and GST-BinA or its mutants.
